Introduction
The Caliciviridae are a family of single-stranded positivesense RNA viruses whose capsid consists of a single major polypeptide of 60-70 kDa. The virions are approximately 35-40 nm in diameter and have a distinctive morphology ; a series of cup-like surface depressions are apparent when negatively stained virus particles are viewed under the electron microscope. This characteristic surface morphology provided the inspiration for the family name, which is derived from the Latin calyx, meaning cup or goblet. The genomic RNA is 7-8 kb in length and is polyadenylated. The sequences encoding non-structural polypeptides are located in the 5h region of the genome, whereas the structural polypeptidecoding sequences are located at the 3h end (Neill, 1990 (Neill, , 1992 Neill et al., 1991 ; Tam et al., 1991 ; Carter et al., 1992 a ; Jiang et al., 1993) . The replication cycle involves the synthesis of at least one 3h co-terminal subgenomic RNA (Ehresmann & Schaffer, 1977 Black et al., 1978 ; Neill & Mengling, 1988 ; Carter, 1990) , and extensive polyprotein processing is involved (Black & Brown, 1977 ; Fretz & Schaffer, 1979 ; Carter, 1989) . Members of the Caliciviridae include feline calicivirus (FCV), rabbit haemorrhagic disease virus (RHDV), San Miguel sealion virus (SMSV), vesicular exanthema of swine virus (VESV) and Norwalk-like viruses (NV).
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Fax j44 1223 336926. e-mail tdkb!mole.bio.cam.ac.uk vitro translations had no effect on the translation of FCV RNA, suggesting that FCV RNA is translated by a cap-independent mechanism. Further evidence that FCV RNA is translated by an unusual mechanism was obtained by translating FCV RNA in vitro at a range of K M concentrations. FCV RNA was able to direct translation at K M concentrations at which cellular RNA translation was inhibited.
FCV is a causative agent of respiratory disease in cats, and morbidity can reach 30 % ; it has been isolated in many parts of the world from both domestic and exotic cats and may be capable of infecting all members of the Felidae. FCV strains F9, F4, CFI\68 and Urbana have genome lengths of 7690, 7681, 7686 and 7683 nts respectively. The FCV genome encodes three ORFs [Carter et al., 1992 b ; J. D. Neill, 1994 (GenBank accession number U13992) ; Oshikamo et al., 1994 ; Sovnovstev & Green, 1995] . ORF1 encodes motifs homologous to those of picornaviral 2C helicase, 3C protease and the RNA-dependent RNA polymerase. ORF2 encodes the capsid precursor (Carter et al., 1992 a) , while ORF3, which overlaps ORF2, is located at the extreme 3h end of the genome and encodes an 8 kDa polypeptide of unknown function (Herbert et al., 1996) . Northern blot analysis of FCV RNA suggested that, in addition to genomic RNA, a number of 3h co-terminal subgenomic mRNAs were present in FCV-infected cells (Neill & Mengling, 1988 ; Carter, 1990) . However, recent work using in vivo labelling of FCV RNA has demonstrated that only one subgenomic mRNA, of 2n4 kb, is synthesized and that this mRNA encodes both the ORF2 and ORF3 products (Herbert et al., 1996) .
The genomic RNAs of VESV, SMSV and RHDV have attached proteins termed VPgs, of 15, 10 and 15 kDa respectively, at their 5h ends (Burroughs & Brown, 1978 ; Schaffer et al., 1980 ; Meyers et al., 1991 b) . In VESV, this protein has been suggested to be essential for infectivity (Burroughs & Brown, 1978) . A small protein was also shown to be attached to the 5h end of the 2n4 kb subgenomic mRNA of RHDV (Meyers et al., 1991 b) . However, although the presence of VPg on the RNAs of FCV has long been suspected, it has not previously been demonstrated.
In this report we show, by "#&I protein labelling of oligo(dT)-selected RNA from FCV-infected cells, that a 15 kDa polypeptide is attached to both the genomic and subgenomic RNAs of FCV. We also show that these RNAs are translated efficiently in the presence of intact VPg by a cap-binding complex-independent mechanism.
Methods
Virus and cell culture. FCV strain F9 was propagated in CrandellReese feline kidney cells (CRFK). CRFK monolayers were grown in the Glasgow modification of Eagle's medium (GMEM) supplemented with 10 % foetal calf serum (FCS).
Isolation of RNA from cells. Infected or mock-infected CRFK monolayers were scraped into media and pelleted at 1500 g for 2 min. Pelleted cells were resuspended in 3n5 ml guanidinium isothiocyanate solution (4 M guanidinium isothiocyanate, 20 mM sodium acetate, 0n1 mM DTT, 0n5% N-lauroyl sarcosinate) using a 0n8i40 mm gauge needle, and layered onto 1n5 ml 5n7 M caesium chloride in a 13i51 mm polyallomer tube. RNA was pelleted at 35 000 r.p.m. for 18 h in a Beckmann SW55 rotor. The supernatant was removed and the RNA dissolved in 360 µl TES buffer (10 mM Tris-HCl pH 7n4, 5 mM EDTA, 1 % SDS), ethanol-precipitated by addition of three volumes of ethanol, harvested by centrifugation and resuspended in water.
Oligo(dT) selection of RNA. Poly(A) + RNA was isolated using the Promega PolyATtract mRNA isolation system as described by the manufacturer. Briefly, total cell RNA was annealed to biotinylated oligo(dT) in high-salt buffer, duplexes were collected on streptavidincoupled paramagnetic beads, washed in high-salt buffer and the poly(A) + RNA eluted in low-salt buffer.
In vivo labelling of RNA. CRFK monolayers in 75 cm# flasks were cultured for 12 h in phosphate-free GMEM supplemented with 2 % dialysed FCS. Medium was removed, the monolayer washed with phosphate-free GMEM and cells were infected with FCV at an m.o.i. of 10. The virus was allowed to adsorb to the cells for 1 h. Unadsorbed virus was removed by washing as before and the cells were overlaid with GMEM supplemented with 2 % FCS [$#P]orthophosphate (80 µCi $#P i \ml) and actinomycin D (1 µg\ml). The cells were harvested at 6 h post-infection (p.i.).
Protease treatment of FCV RNA. RNA was incubated for 1 h at 50 mC with 50 µg\ml Proteinase K in 10 mM Tris-HCl pH 7n8, 0n5 mM EDTA, 0n5 % SDS.
Iodination of FCV RNA.
A sample of 1 µg oligo(dT)-selected RNA from FCV-infected cells was used for protein labelling with "#&I according to the chloramine T method (Greenwood et al, 1963) . Proteinase K treatment of labelled RNA was performed as described above. RNA digestion was carried out using RNase A at a concentration of 20 µg\ml at 37 mC for 1 h. Products were analysed on either a 20 % SDSpolyacrylamide gel or an SDS-agarose gel (1iTBE, 1 % agarose, 0n1% SDS) and visualized by autoradiography.
Cell-free transcription and translation.
In vitro transcription of plasmid DNA using T7 polymerase was carried out as described by Brierley et al. (1987) , incorporating the dinucleotide 7mGpppG to provide a 5h terminal cap structure (Contreras et al., 1982) . RNA was recovered from the reactions by extraction with phenol-chloroform (1 : 1) and precipitation with ethanol. Remaining unincorporated rNTPs were removed by gel filtration on Sephadex G-50. RNA was translated in the rabbit reticulocyte lysate (RRL) cell-free system in the presence of 0n75 µCi\µl [$&S]methionine as described by Inglis et al. (1977) . In some experiments (see text) RNA was translated in the presence of the cap anologue, 7-methylGTP (7mGTP ; Sigma). Reaction products were separated by PAGE and detected by autoradiography.
SDS-PAGE.
This was carried out using either 17n5 % or 20 % polyacrylamide gels (Laemmli, 1970) .
Results

Identification of a protein linked to FCV RNA
To investigate whether a protein is attached to FCV RNA, oligo(dT)-selected RNA from FCV-infected CRFK cells was subjected to "#&I labelling using the chloramine T method (Greenwood et al., 1963) . The products were electrophoresed through a 0n1 % SDS-1 % agarose-TBE gel. Two discrete bands capable of entering the gel were detected by autoradiography (Fig. 1) ; their mobilities corresponded to those of the 2n4 kb subgenomic and 7n6 kb genomic mRNAs. Thus, both the 2n4 kb subgenomic and 7n6 kb genomic mRNAs of FCV are linked to a polypeptide which is conventionally referred to as VPg ; this feature is shared with other caliciviruses. The failure of a substantial part of the labelled material to migrate significantly in the gel can probably be ascribed to aggregation resulting from oxidative damage by chloramine T. It is also clear that a certain amount of degradation occurred during the labelling, giving rise to a heterogeneous band of rapidly migrating material. To determine whether the bands visualized resulted from labelling of a protein bound to RNA, "#&I-labelled FCV RNA was digested with either RNase A, Proteinase K or both and the products analysed on a 20 % SDS-polyacrylamide gel (Fig.  2) . The untreated control sample (lane 2) contained only one discrete polypeptide species with an apparent molecular mass of 12 kDa. This polypeptide was shown to co-migrate with streptavidin, a component of the poly(A) + selection system (data not shown). RNase A-treated "#&I-labelled RNA (lane 3) contained two polypeptide species, the 12 kDa species (streptavidin) and a 15 kDa species. After RNase A treatment followed by Proteinase K digestion the 12 kDa species present in untreated material was greatly reduced, and the 15 kDa species released by RNase A digestion disappeared, confirming them to be polypeptides (lane 1). These data demonstrate that the FCV VPg has an apparent molecular mass of 15 kDa.
Effect of Proteinase K treatment on translation of RNA isolated from FCV-infected cells
"#&I protein labelling of RNA from FCV-infected cells revealed that the genomic and subgenomic RNAs are linked to a 15 kDa protein. Previous data suggest that removal or modification of the caliciviral VPg by proteolytic treatment results in loss of infectivity (Burroughs & Brown, 1978) . This loss of infectivity may be due to loss of translatability of the The translation products were separated on a 17n5 % SDS-polyacrylamide gel and visualized by autoradiography. Globin mRNA was used as a capped RNA control. In tracks labelled (j) the concentration of 7mGPT was 0n2 mM and in those labelled (jj) it was 0n5 mM.
RNA. To investigate the role of VPg in the translation of FCV RNAs, FCV-infected cell RNA was incubated with Proteinase K and then translated in RRL. $#P in vivo labelled total RNA isolated from FCV-infected and mock-infected cells, oligo(dT)-selected RNA isolated from FCV-infected cells, RNA isolated from purified virions, brome mosaic virus (BMV) RNA and a synthetic 2n4 kb subgenomic FCV RNA transcribed from SacI-linearized pTC8 (Herbert et al., 1996) were treated with Proteinase K (50 µg\ml) for 45 min at 37 mC or incubated for 45 min at 37 mC in the absence of enzyme. After Proteinase K or control treatment, RNA was extracted twice with phenol, extracted with phenol-chloroform, ethanol-precipitated and finally resuspended in DEPCtreated water. Samples of in vivo labelled RNA from mock-and FCV-infected cells were checked on a 1 % agarose-formaldehyde gel and the RNA visualized either by staining with ethidium bromide or autoradiography (Fig. 3 a) . No differences in the quantity or quality of RNA between 37 mC-incubated or Proteinase K-treated RNA were detected. Identical amounts of the RNAs were translated in RRL in the presence of [$&S]methionine and translation products separated on a 17n5% SDS-polyacrylamide gel and visualized by autoradiography (Fig. 3 b) . Proteinase K treatment of BMV RNA, 2n4 kb in vitrosynthesized RNA or mock-infected RNA had no effect on translation. However, Proteinase K treatment of RNA from FCV-infected cells reduced translation dramatically. This reduction was seen with total FCV RNA, with purified FCV mRNA or virion RNA. Nevertheless, the fidelity of translation, as judged by the sizes of the polypeptides observed, was unaffected by Proteinase K treatment. This is particularly evident in the FCV mRNA translations. This observation supports the idea that the reduction in translation is not due to an increase in susceptibility of the 5h end to the action of RNases.
Effect of 7mGTP on the translation of Proteinase Ktreated and untreated total RNA isolated from FCVinfected cells
The loss of translatability of FCV RNAs after Proteinase K treatment argues that intact VPg is required for efficient translation. One possibility is that VPg may play a similar role to the cellular mRNA cap structure in binding the initiation factor eIF4F. To test this hypothesis, the cap analogue 7mGTP was added to in vitro translations of FCV RNA. RNA isolated from FCV-infected cells was translated in RRL in the presence or absence of either 0n2 mM or 0n5 mM 7mGTP. As a control, a naturally capped mRNA (β-globin RNA ; Sigma) was also translated in the presence or absence of 7mGTP. The translation products were separated by 15 % SDS-PAGE and the products visualized by autoradiography (Fig. 4) . In the presence of 7mGTP, translation of β-globin RNA was greatly reduced, but no effect on translation of the major species derived from total mRNA isolated from FCV-infected cells was seen. The sensitivity of the major translation products to Proteinase K treatment of template RNA confirmed that they were derived from FCV RNAs. This suggests that FCV RNA translation may be independent of eIF4F and that cap-binding proteins may therefore not be required for the efficient translation of FCV RNAs.
Effect of K M concentration on translation of total RNA isolated from FCV-infected cells
In the in vitro translation system employed in this study, the final concentration of K + is approximately 100 mM. We wished to investigate the effect of varying the potassium concentration on translation of FCV and cellular mRNAs. Total mRNA from FCV-infected and mock-infected cells was translated in RRL after the addition of 62n5, 80, 100 or 120 mM KCl. The translation products were analysed using 17n5% SDS-PAGE and the products visualized by autoradiography (Fig. 5) . Following the addition of 120 mM K + , translation of RNA from mock-infected cells was completely inhibited, but translation of RNA from FCV RNAs present in infected cells was only inhibited by approximately 50 %, suggesting that the mechanism of translation of FCV RNA differs from that of cellular RNAs.
Discussion
The data presented above demonstrate the not unexpected presence of a VPg on the genomic and subgenomic RNAs of FCV and provide the first direct evidence that calicivirus translation occurs by an unusual mechanism in which the VPg may substitute for a conventional cap structure in a way that does not involve the conventional cellular cap-binding complex.
Many positive-strand RNA genomes differ from eukaryotic mRNAs in that they lack a typical 5h terminal cap structure, but have a protein, VPg, covalently linked to their 5h ends. The viruses expressing such proteins include the picorna-and caliciviruses of animals and the como-, nepo-, luteo-, poty-and sobemoviruses of plants (Lee et al., 1977 ; Burroughs & Brown, 1978 ; Harrison & Barker, 1978 ; Daubert & Bruening, 1979 ; Kitamura et al., 1980 ; Ghosh et al., 1981 ; Mayo et al., 1982 ; Hellen & Cooper, 1987 ; Riechmann et al., 1989 ; Murphy et al., 1990) .
The presence of the 15 kDa VPg polypeptide linked to the genomic and subgenomic RNAs of FCV was demonstrated using "#&I labelling of FCV RNA preparations using the chloramine T method coupled with enzymatic treatments of the labelled preparations.
The effect of proteolytic treatment on translatability and\or infectivity of viral RNAs has been studied for members of a number of RNA virus families. Proteolytic treatment of the infectious genomic RNAs of nepo-, luteo-, poty-, sobemo-and caliciviruses leads to a loss of infectivity (Burroughs & Brown, 1978 ; Harrison & Barker, 1978 ; Veerisetty & Sehgal, 1980 ; Wimmer, 1982) , raising the question as to whether removal of VPg, leading to loss of infectivity, is linked to loss of translatability. In the case of nepoviruses, it has been demonstrated that protease treatment has no effect on translation in vitro (Chu et al., 1981 ; Koenig & Fritsch, 1982 ; Hellen & Cooper, 1987) . Proteolytic treatment of como-and picornaviral RNA does not lead to a loss of infectivity and has no effect on the translatability of the RNA (Sanger et al., 1977 ; Nomoto et al., 1977 a, b ; Perez-Bercoff & Gander, 1978 ; Stanley et al., 1978) . Picornaviruses circumvent the requirement for a cap structure by internal initiation of translation (Jackson et al., 1990 ; Oh & Sarnow, 1993) . There is also some in vitro evidence that comoviruses utilize internal initiation (Thomas et al., 1991 ; Verver et al., 1991) , but this could not be authenticated in vivo (Belsham & Lomonossoff, 1991) . In picornaviruses, the small VPg (22-23 aa) is believed to play a role in the priming of both negative-and positive-strand synthesis (Kuhn & Wimmer, 1987) .
Treatment of FCV RNA with Proteinase K to digest VPg greatly reduced the ability of the RNA to direct translation, but the fidelity of translation was apparently unaltered, providing evidence that the reduction in translatability of FCV RNA after Proteinase K treatment is not due to an increase in availability of the 5h end to RNase action. In vitro-synthesized 2n4 kb subgenomic mRNA, to which VPg is not attached, translates efficiently in vitro. Therefore VPg, at least in vitro, is not an essential requirement for translation of caliciviral RNAs. In a number of cases Proteinase K digestion of VPg-linked RNAs has been shown not to remove the protein completely from the RNA, leaving a number of amino acid residues still attached (Harrison & Barker, 1978 ; Mayo et al., 1982) . These residual amino acids may inhibit initiation of translation. We would indeed have expected the treatment with Proteinase K to have had a more modest effect on mRNA translatability if all the VPg had been removed, since the reticulocyte lysate in vitro translation system employed is capable of translating uncapped RNAs to a reasonable extent (although not to the same extent as capped RNAs). The observations by Sovnovstev & Green (1995) indicating that VPg is not required for infectivity of a synthetic transcript derived from a full-length FCV cDNA clone, but that the RNA did need to be capped for infectivity supports the view that VPg is a cap ' analogue '.
The effect of proteolysis of VPg on the translation of FCV RNAs suggests that interactions may occur between VPg and the translation machinery, but alternative explanations involving, for example, a role for VPg in maintaining an appropriate RNA structure are also possible. FCV RNAs are unusual in that the first in-frame AUGs are only 17 and 19 nts from the 5h end of the genomic and subgenomic RNAs respectively. Taking into account the length of mRNA protected by a ribosome during initiation, it is almost inevitable that there is contact between VPg and the ribosome during this phase of translation.
If VPg plays a role in directing binding of ribosomes directly at the AUG, the requirement for eIF4F in initiation could be circumvented. The lack of effect of 7mGTP on the translation of FCV mRNAs supports this possibility. We have obtained further evidence that the mechanism of translational initiation of FCV RNAs differs from that of cellular RNAs by investigating the translation of FCV RNA at various K + concentrations. FCV RNA was still translated efficiently at K + concentrations at which cellular RNA translation was abolished.
It is clear that there is considerable functional diversity among the small proteins found at the 5h termini of positivestrand viral RNAs. Two roles for VPgs have been suggested. The better characterized role is that of picornaviral VPgs in RNA replication, while the suggested, but previously undemonstrated, role of some viral VPgs in translation remains less well documented. Our data do not preclude a role for caliciviral VPgs in replication and transcription, and it will be of interest to investigate their potential involvement in these areas. However, the evidence presented here supports a role for caliciviral VPgs in translational initiation and it will thus be of considerable interest to investigate their interactions with cognate RNAs and with cellular and virus-coded polypeptides.
